Abstract: Animals inhabiting complex environments often contend with multiple stressors that can select for conflicting responses. Individuals can mediate these conflicts by utilizing correlated responses across multiple traits. In aquatic habitats, larval amphibians often face conflicting, simultaneous pressures, such as ultraviolet-B (UV-B) radiation and predators. UV-B radiation and predation risk influence behavior and body color in many amphibian species, altering activity rates, refuge use, and coloration. When both UV-B and predators are present, individuals can avoid conflicts by coupling behavior with body color to form a correlated response. UV-B exposure rates vary along an elevation gradient, thus trait combinations may also vary. We quantified changes in activity rates and body color in two anuran species, the red-legged frog (Rana aurora Baird and Girard, 1852) (low elevations) and the cascades frog (Rana cascadae Slater, 1939) (high elevations), during exposure to predator chemical cues (rough-skinned newt, Taricha granulosa (Skilton, 1849)) and UV-B radiation. Rana aurora decreased activity in response to UV-B and became more cryptic over time, while R. cascadae coupled decreased activity rates in response to predators with dark body coloration to screen out UV-B. Both species responded with a correlated trait response, yet employed opposite strategies. This observed species difference may be reflective of differences in stress across habitats and availability of alternative defenses.
Introduction
In nature, animals are exposed to a suite of environmental factors simultaneously. Individuals can attempt to mediate potential conflicts in optimal response by utilizing correlated responses from multiple traits. These paired responses may result in the combination of behavioral and physiological traits. For example, in aquatic habitats, larval amphibians face conflicting selection pressures from concurrent environmental stressors. Two of these stressors, sunlight with potentially harmful ultraviolet-B (UV-B) radiation and predation risk, have received recent attention because they may be contributing factors to amphibian population declines occurring on a global scale (Houlahan et al. 2000; Stuart et al. 2004) .
Several studies suggest many amphibian population declines are the result of interactions between multiple environmental factors, creating synergistic impacts (Kiesecker et al. 2001; Blaustein and Kiesecker 2002; Bridges and Boone 2003; Collins and Storfer 2003; Hatch and Blaustein 2003; Rohr et al. 2004) . As research efforts become increasingly comprehensive in understanding possible synergisms between multiple stressors, it is important to understand individual response strategies. Correlated response, or defense strategies utilizing multiple traits, allows individuals to mediate environmental stress effectively (Arnold and Bennett 1988; Brodie 1989 Brodie , 1992 Endler 1995) . However, studies investigating correlated responses have primarily concen-trated on only one stressor. For example, combinations of color pattern and activity rate can function to decrease predation risk in several taxa (Brodie 1992; Forsman and Appelqvist 1998) . We posit that correlated trait responses can also resolve conflicts imposed by multiple stressors. Potential conflicts in optimality represent a more realistic picture of complex habitats and may drive organisms to utilize correlated responses to minimize trade-offs.
Amphibian larvae exposed to environmental stressors will generally adopt an optimal response to minimize stress. For many amphibian species, these individual responses involve changes in color and behavior. Color is a highly plastic trait in most amphibian larvae, with intracellular migration of melanin occurring within minutes in response to temperature, predation risk, and ultraviolet (UV) radiation (Duellman and Trueb 1986; Kats and Van Dragt 1986; Garcia and Sih 2003; Garcia et al. 2004) . Body color can be a key component of a species' response to stress and influences an individual's ability to communicate, thermoregulate, and avoid predators (Hoppe 1979; Endler 1988) . Behavior is also a highly plastic trait in amphibians, changing in response to pressure from predators, UV radiation, and many other factors (Sih 1987; Lima 1998; Kats et al. 2000; Garcia and Sih 2003; Garcia et al. 2004) . Color and behavioral responses may interact to form effective defense strategies that mediate single or conflicting environmental stressors, such as predation risk and UV-B exposure.
Skin darkening has been hypothesized to protect amphibians from harmful UV-B exposure and has been observed in several anuran species, including European treefrogs (Hyla arborea (L., 1758)), gray treefrogs (Hyla versicolor LeConte, 1825), wood frogs (Rana sylvatica LeConte, 1825), and African clawed frogs (Xenopus laevis (Daudin, 1802)) (reviewed by Blaustein and Belden 2003) . Many species of larval salamanders also darken in body color in response to ambient levels of UV-B exposure (Belden and Blaustein 2002a; Garcia et al. 2004 ), although it is still relatively unclear if this darkening response benefits survivorship in these species. UV-B exposure may also select for simple avoidance behaviors, such as increased activity in an attempt to escape excessive exposure rates, or preference for UV-B protected microhabitats (Nagl and Hofer 1997; Belden et al. 2000; Blaustein et al. 2000; Garcia et al. 2004) . Predation is also a strong selective force for amphibian larvae (Sih et al. 1992) . Accordingly, larvae show various antipredator responses including changes in both color and behavior. Cryptic coloration, or matching a given background, is a highly effective antipredator strategy (Kats and Van Dragt 1986; Heinen 1994; Endler 1995) . Changes in behavior, such as decreased activity and increased refuge use, are also common antipredator responses found in amphibians (e.g., Sih et al. 1992; Werner and Anholt 1993; Hokit and Blaustein 1995; Chivers et al. 1996; Puttlitz et al. 1999) .
Some habitats experience increased stress from one environmental factor relative to another; different response strategies may reflect these habitat or species-specific conditions (i.e., certain species may have constrained plasticity in color or behavior, Kats et al. 2000; Garcia et al. 2004) . To better understand differences in response across a range of UV-B conditions and predator experience, we tested individuals of two anuran species that inhabit very different elevations. In general, UV-B intensities become stronger with increasing elevation, exposing species at high elevations to significantly stronger UV-B pressure relative to species at lower elevations (Cockell and Blaustein 2001; Belden and Blaustein 2002b) . Individuals with an evolutionary history of high UV-B exposure rates may respond to stressful UV-B exposure rates with a correlated defense strategy geared towards protecting against UV-B damage: increased activity to search for refuge or UV-B protected habitats, and darker skin coloration which may screen out harmful UV-B wavelengths ( Fig. 1: strategy UV) . Predators may also be more abundant in certain areas. Amphibian populations with a history of high predator-encounter rates may respond with a correlated strategy to defend against intense predation risk: immobility and cryptic body coloration ( Fig. 1 : strategy CC). We hypothesize that while correlated trait responses mediating a single stressor are highly effective, individual larva exposed to conflicting pressures should respond with strategies designed to defend against both factors by utilizing both color and behavioral changes. In this experiment, this would result in larvae adopting a defense strategy combining immobility to defend against predators with dark skin coloration to screen out UV-B, or the opposite tactic, increased activity to search for refuge with cryptic coloring to reduce conspicuousness to predators ( Fig. 1 : strategy Both).
Here, we quantified correlated response strategies to predation risk and UV-B exposure in two species of amphibian larvae: a species inhabiting only low-elevation sites, the redlegged frog (Rana aurora Baird and Girard, 1852), and a species found only at relatively high-elevation sites, the cascades frog (Rana cascadae Slater, 1939) . We addressed the following two questions: (1) do individuals correlate color change and activity rate to reduce UV-B damage and predation risk, and (2) are differences in species response concordant with differences in predator encounter rates and UV-B exposure rates in high-elevation and low-elevation habitats?
System
Rana aurora is restricted to the coastal and low-elevation regions of the Pacific Northwest. In Oregon, the range of R. aurora extends from the coastline to the lower elevations (<300 m) of the Oregon Cascade Mountain Range, while the range of R. cascadae extends from 1000 to 3000 m elevations in the Oregon Cascade Range. Although R. aurora and R. cascadae are closely related (Shaffer et al. 2004; Hillis and Wilcox 2005) , variation in environmental pressures between habitats have resulted in distinct species differences in characteristics such as breeding phenology (Blaustein et al. 2004 ), predator-avoidance behaviors , and encounter rates with various predators such as rough-skinned newts (Taricha granulosa (Skilton, 1849). For example, the abundance of T. granulosa decreases with increasing elevation, thus highelevation populations of R. cascadae have limited encounter rates with T. granulosa relative to coastal populations of R. aurora (Nussbaum et al. 1983; Blaustein et al. 1995; Hokit and Blaustein 1995) .
These two species also vary in their susceptibility to UV-B radiation and natural UV-B exposure rates Hays et al. 1996) . Rana aurora only exhibit sublethal effects when exposed to natural levels of UV-B radia-tion; larvae have decreased growth rates as a consequence of UV-B exposure in the embryonic life stage . Rana cascadae, however, suffer decreased hatching success when exposed to ambient UV-B radiation (Blaustein et al. 1994) , whereas the hatching success of R. aurora is not affected by UV-B exposure . UV-B exposure rates in habitats of R. aurora and R. cascadae differ significantly; larvae from low-elevation populations experience decreased peak UV-B exposure rates (6-8 mW/ cm 2 ) relative to high-elevation populations (14-17 mW/cm 2 ) (Belden et al. 2000 ; T.S. Garcia unpublished data; UV-B probe model PMA2100, Solar Light Co., Philadelphia, Pennsylvania).
To explore the question of conflicting environmental pressures and correlated response strategies in these two species, we exposed larvae to both newt chemical cues and two UV-B exposure rates that match levels occurring at high-and low-elevation Rana breeding sites. Rana aurora, our lowelevation species, has a history of high encounter rates with predatory T. granulosa and should respond to predator cues with either an increase in crypsis and (or) a decrease in activity rate. UV-B exposure, however, especially the UV-B treatment replicating high-elevation conditions, should initiate an opposite defense response, (i.e., darker coloration and (or) increased activity). Thus, when exposed to both stressors simultaneously, we expect R. aurora to mediate this potential conflict by employing a correlated response strategy that uses both traits to mediate both risks ( Fig. 1 : strategy Both). We predict that larval R. cascadae, the species with the highest potential for UV-B damage, will utilize a correlated response strategy that reduces only UV-B exposure (i.e., dark coloration and increased activity) regardless of the presence of predator chemical cues ( Fig. 1 : strategy UV). To our knowledge, this is the first empirical study that examines correlated color and behavior response to multiple stressors.
Materials and methods
Rana aurora and R. cascadae were collected from breeding sites on dates that corresponded with breeding phenology. Low-elevation larval R. aurora were collected from an ephemeral pond complex in Baker Beach State Park, Lane County, Oregon, on 4 May 2005 (elevation~8 m). Highelevation larval R. cascadae were collected from an ephemeral pond near Three Creeks Lake, Deschutes County, Oregon, on 8 July 2005 (elevation~2000 m). Adult T. granulosa where collected from the same sites or adjacent sites at identical elevations. All animals were held at the Oregon State University campus in Corvallis, in a temperature-controlled room with natural photoperiod. All larvae were fed a mixture of rabbit chow and fish flakes (3:1) during the 5-7 day holding period. Fourteen individuals from each species were staged (R. aurora = stage 25; R. cascadae = stage 25-26 (Gosner 1960) ).
We conducted two experiments testing individuals from each species separately. We used a 3 Â 2 factorial design with three UV treatments (high, low, absent) and two predation risk treatments (predator chemical cues present and absent). The experiments had five replicates per treatment combination and individuals were randomly assigned to experimental units. Each experimental unit (19 cm Â 32 cm clear plastic tub) was placed on a white background (to force the conflict in optimal UV-B and predation-risk-induced color change) and contained one amphibian larva. All experiments were run in a UV-B chamber with constant temperature (16 8C) and photoperiod (12 h light : 12 h dark) equipped with UV-B emitting light bulbs for 6 full days.
Filters were used to manipulate UV-B exposure; Mylar filters excluded 95% of UV-B radiation (control) and highdensity polyethylene (HDP) filters removed 15% of UV-B radiation. To achieve high and low UV-B exposure treatments, HDP filters were applied singly (high UV) or doubled up (low UV). UV-B levels were designed to simulate natural conditions at high-and low-elevation breeding sites, yet were below lethal levels (Blaustein et al. 2004 ). Individuals received a UV-B exposure of 17.18 ± 0.34 mW/ cm 2 in the high UV treatment, 5.44 ± 0.23 mW/cm 2 in the low UV treatment, and 0.27 ± 0.02 mW/cm 2 in the UV control treatment.
The UV-B and predation-risk exposure rates were calculated to replicate environmental and diurnal variation. Our lighting regime consisted of a 12 h day but only 5 h of UV-B exposure. In the morning (first 3 h of light) and evening (last 4 h of light), individuals were exposed to only full spectrum bulbs emitting negligible levels of UV-B (VitaLite; Durotest Corporation, Fairfield, New Jersey). During peak UV hours (1100-1600) individuals were exposed to UV-B emitting bulbs (UV-313; Q-Panel Inc., Cleveland, Ohio). UV-B was measured with a UV-B probe (model PMA2100; Solar Light Co., Philadelphia, Pennsylvania). Perceived predation risk was generated by the presence of predatory newt chemical cues (T. granulosa) from eight adults held for 2 weeks in two 37.5 L tanks and fed conspecific prey ad libitum. Each experimental unit received 1000 mL of dechlorinated water and either 500 mL of dechlorinated water (predation risk absent) or 500 mL newt water (predation risk present). During water changes, the substrate. An optimal antipredator response strategy combines decreased activity with cryptic coloration (strategy CC), while an optimal UV-B defense strategy combines dark body coloration with increased activity (strategy UV). Correlated responses to conflicting selection pressures are represented by two distinct strategies (Both) that combine a UV-B defense (dark color vs. increased activity) with an antipredator response (immobility vs. crypsis). 500 mL of treatment water was added after 500 mL of water was removed from each unit with a glass beaker. Water changes where performed on the 3rd and 5th days of the experiments and larva were fed on the 2nd and 4th days.
Activity rate was quantified by observing each individual for 30 s and summing the number of gridlines each larva crossed during that time period (4 cm square grid under each unit). Individuals were observed every 30 min for a total of 10 observation times during peak UV hours (1100-1600) on the first and last days of the experiment. Color analysis was generated from digital photos taken with a Canon G5 digital camera at the end of the 1st and 6th days of treatment exposure. Images were analyzed using Adobe Photoshop version 7.0. Amphibian larvae vary primarily in brightness (amount of black versus white), with relatively constant chroma and hue (Storfer et al. 1999; Grill and Rush 2000; Garcia and Sih 2003) ; therefore, all images were converted to gray scale. We quantified brightness with black versus white pixel weights within a selected area on each larva: the body minus the tail region. Higher brightness values indicate a lighter, paler color relative to lower brightness values.
Effects of UV-radiation exposure and newt chemical cues on activity and color over time were analyzed using a repeated-measures multivariate analysis of variance (MANOVA). For activity, our repeated-measures MANOVA analyzed data taken on the 1st and 6th days of the experiment. Only activity data from the 6th day are presented in Fig. 2 , as no significant results were found on day 1. For color change, the repeated-measures MANOVA compared the residual data from initial color measurements taken from individuals before treatment exposure and color measurements taken on the 1st and 6th days of treatment exposure (i.e., the degree of color change after 1 day and after 6 days of treatment exposure). Activity and color data are presented in Tables 1 and 2 in a repeated-measures format, with the ''between subject'' sections describing overall effects of UV-B and predator chemical cues across all days, and the ''within subject'' sections describing effect of treatments as a function of time. All data were log-transformed to satisfy the conditions of an analysis of variance. In all cases, we used an a of 0.05 as the indicator of statistical significance.
Results

Low-elevation species -R. aurora
Larval R. aurora significantly decreased their activity rate in response to UV-B exposure (Table 1 ). This effect changed over time, as larvae significantly decreased activity during the 6 days of exposure to UV-B treatments (Table 1; time Â UV effect). Interestingly, larvae responded to both the low UV treatment and the novel high UV treatment with suppressed activity, rather than the predicted avoidance behavior (i.e., increased activity rate). This suggests that increased activity rates may not be an adequate UV-B defense mechanism for larval R. aurora. Low-elevation R. aurora also displayed a background-matching response, becoming significantly lighter in body coloration over time ( Fig. 3 ; Table 1). Newt chemical cues did not significantly influence this color change; larvae changed color to better match their light-colored substrate regardless of risk. This default response to match a given background increases crypsis and thereby reduces risk from visual predators.
High-elevation species -R. cascadae
Rana cascadae larvae responded to predator chemical cues with a significant decrease in activity rate (i.e., immobility, Table 2 ). This change in activity took place during the six days of exposure to predator cues (Fig. 2 , Time Â CC effect). High elevation Rana were also significantly darker in body coloration when both UV-B and predator chemical cues were present ( Fig. 3; Table 2 ). This correlated response was predicted by our conceptual model (Fig. 1) in which larvae respond to a perceived predation threat with decreased activity rates and to UV-B exposure with an increasingly melanistic change in body coloration. In this context, however, R. cascadae larvae did not get darker in color unless both stressors were present at UV-B levels matching high elevation conditions (Fig. 3) . Additionally, there was a significant Time effect on color (Table 2) , with larval color getting lighter over the course of the six day experiment. Note: Between-subject effects show differences in overall activity or body color, whereas within-subject effects indicate change over the 6 day exposure period. *, statistically significant values at P < 0.05. Note: Between-subject effects show differences in overall activity or body color, whereas within-subject effects indicate change over the 6 day exposure period. *, statistically significant values at P < 0.05. This overall directional color change was expected in all treatments except High UV, as amphibian larvae tend to background match over time.
Discussion
Rana aurora and R. cascadae differed in the strategies individuals used to defend against the combination of predators and UV-B radiation. While both species responded with changes in color and behavior, individuals utilized different response combinations. To reduce detection by potential predators, both species employed effective antipredator responses: R. aurora became lighter in color over time, increasing individual crypsis against the light-colored substrate, whereas R. cascadae decreased activity and adopted an immobility defense. UV-B exposure resulted in similarly divergent species responses, with larval R. aurora decreasing activity rates and R. cascadae adopting a darker body color to screen out harmful UV-B wavelengths.
The relative costs and benefits of color change versus behavioral avoidance depend on the ecological context and associated conflicting demands. Predation risk from T. granulosa at low elevations is relatively high for anuran larvae, resulting in strong selection for traits reducing overall conspicuousness (Nussbaum et al. 1983; Blaustein et al. 1995; Hokit and Blaustein 1995) . Larval R. aurora became lighter in body color to better match their background regardless of predator presence. Their history of high predation rates may have selected for this default background matching trend, with individuals cryptically blending into their background regardless of predator presence. This color-change defense is beneficial in the presence of predatory newts, but may incur fitness costs in the absence of predation risk (Benard and Fordyce 2003) . Potential conflicts between background matching and other factors influencing color include constraints on thermoregulatory response and circadian-rhythm-induced color variation (Binkley et al. 1988; King et al. 1994; Filadelfi et al. 2005) . Rana cascadae responded to predatory newt chemical cues with decreased activity, a common antipredatory strategy for many amphibian species. Restricted larval activity rates, however, has a high potential cost in terms of reduced feeding and growth rates, ultimately impacting time until metamorphosis (Skelly 1992; Lima 1998) . Results from our study suggest that larvae with a history of limited exposure to predators mediate this cost by limiting immobility to times of high predation risk. Conversely, when risk is continuously present, as in low-elevation habitats, larval Rana adopt a more chronic antipredator response (i.e., background matching).
Defying prediction, R. aurora significantly decreased activity rates after 6 days of exposure to UV-B. We surmise that over the course of 6 days, larval R. aurora may have exhausted their search for refuge and decreased activity rates in an attempt to conserve energetic resources. While the combination of cryptic coloration and decreased activity does not fit within the predicted framework of our conceptual model (Fig. 1) , we posit that chronic UV-B exposure altered the optimal behavioral response. Rana cascadae, however, predictably became darker in body color, but only when exposed to both high UV-B levels and predator cues simultaneously. When only UV-B radiation was present, larvae not only maintained a relatively pale body color, they also showed no change in activity rate in response to UV-B. This lack of response to UV-B alone, again, suggests that larval Rana may be utilizing UV-B defense strategies other than color change and activity rate, such as microhabitat preference and (or) physiological adaptations (Blaustein and Belden 2003) .
Increased activity and dark coloration may not be the most effective defenses against UV-B. Indeed, Belden and Blaustein (2002a) found that light-and dark-colored larval mole salamanders (genus Ambystoma Tschudi, 1838) suffered equally decreased growth rates when exposed to UV-B, and concluded that melanin dispersal did not sufficiently protect larvae from UV-B damage. Changes in activity patterns may also be an insufficient defense against UV-B damage. Alternative UV-B avoidance behaviors include preference for microhabitats with low UV-B exposure . Ultraviolet wavelengths attenuate with water depth and dissolved organic carbon concentration (Kirk 1986; Palen et al. 2002) . Larvae can reduce UV-B exposure by choosing deeper microhabitats, or spending more time in refugia, thereby limiting the need for color-or activity-based defense strategies.
Species differences in physiological UV-B defenses may best explain our findings. The amount of photolyase activity, a photo-reactivating enzyme that will repair UV-induced DNA damage, is positively correlated with resistance to UV-B damage (Blaustein et al. 1994) . Rana cascadae have relatively low levels of photolyase activity compared with other Pacific Northwest anurans and suffer increased mortality as a result of UV-B exposure (Blaustein et al. 1994) . Rana aurora, however, have relatively high photolyase activity levels compared with other Pacific Northwest amphibians. Blaustein et al. (1996) showed that photolyase levels in R. aurora are high in embryos and these levels may be retained in the larvae. Photo-reactivation is an important defense against UV-B damage for many amphibians, and this enzymatic response may allow low-elevation Rana to occupy UV-B exposed environments and not respond with behavioral or color defenses. Species differences in photolyase activity may account for the observed lack of predicted response in larval R. aurora, while R. cascadae, with comparatively lower levels of physiological protection, responded to the combination of high UV-B and predation risk with a predicted color-and behavior-correlated defense strategy.
It is vital to the successful conservation of these two species to better understand how individuals allocate energy in response to multiple environmental stressors. Rana aurora and R. cascadae have undergone such drastic population declines in the Pacific Northwest that R. aurora is listed as a threatened species by the US Fish and Wildlife Service, R. cascadae has been a candidate for listing since the early 1990s, and both species are listed as vulnerable by the Oregon Department of Fish and Wildlife (Department of the Interior, US Fish and Wildlife Service in 1991 (Federal Registrar, part 8); Oregon Department of Fish and Wildlife, Wildlife Division, in 1997). There are exceptionally few extant populations of R. cascadae in the southern portion of their range in California (Blaustein and Wake 1990; Fellers and Drost 1993) and populations of R. aurora have suffered extreme declines in the Willamette Valley, Oregon (see Kiesecker and Blaustein 1998) .
As environmental conditions in the Pacific Northwest continue to degrade and interactions between stressors become increasingly complex, conservation efforts will rely on this and similar studies to better understand which combinations of traits are essential in reducing specific impacts on individual fitness. Comparing response strategies between species gives us greater predictive power concerning how stressors may affect amphibian population dynamics. However, our work also suggests that further study is needed to fully realize the range and limitations of correlated trait responses in general, and for amphibians in particular.
